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1
METHOD FOR PRODUCING A LIGNIN
FIBER

FIELD OF INVENTION

The present invention relates to methods of producing
lignin fibers and structural carbon fibers from softwood
and/or hardwood alkali lignin.

BACKGROUND

Carbon fibers are high-strength light-weight materials
commonly produced by heat treatment and pyrolysis of
polyacrylonitrile, a synthetic material made from petroleum
feedstock but other precursors are also used to a minor
extent such as petroleum- or coal-based pitch and rayon
fibers. There are certain drawbacks in the current precursors
such as the high price of polyacrylonitrile and its slow
graphitization and the uneven quality of pitch. In addition,
the two major commercial precursors used are from non-
renewable sources.

Lignin is present in all vascular plants making it second
to cellulose in abundance among polymers in nature. In the
pulp and paper industry, large quantities of lignin are pro-
duced as a byproduct with primary use as the source of
internally generated energy in pulp mills. The kraft process
is predominant in the world for liberating cellulosic fibers
from wood for further processing to paper, board and tissue
products. In the process, lignin becomes dissolved in the
alkali pulping liquor, denoted black liquor, from where it can
be further processed to energy by combustion of the partly
evaporated black liquor or, alternatively, isolated in solid
form by addition of acid. The isolation of lignin may occur
in several steps since a major portion of lignin can precipi-
tate out from the black liquor already at high pH-values as
described in the book Lignins (Eds K. V. Sarkanen and C. H.
Ludwig, Wiley-Interscience 1971, p 672). Such lignin pre-
cipitate will still contain appreciable amounts of sodium and
other inorganic species making the lignin unsuitable as
precursor for structural carbon fibers (see below).

Alkali lignins are obtained from black liquors obtained
from either kraft or soda pulping. Commercially, these
pulping processes are applied on softwoods, hardwoods as
well as on annual plant biomass. On pulping, some of the
wood polymers, notably lignin and hemicelluloses, are to a
major extent chemically modified and solubilized in the
black liquor.

Among wood species used in alkali pulping processes
major gymnosperm species (softwood) include spruce, pine,
larch, hemlock and Douglas fir. Major angiosperm species
(hardwood) include birch, aspen, poplar, eucalypt species,
acacia, and maple.

In the published literature, it has been suggested that
lignin might be an alternative precursor of carbon fiber due
to its potentially large availability, its expected lower cost,
and its high content of carbon (>60%). In addition, lignin is
a renewable material. Two types of carbon fibers have been
discerned; 1) continuously spun, solid and homogeneous
carbon fibers used as strength-giving reinforcement ele-
ments in construction materials (herein also referred to as
structural carbon fibers) and 2) activated porous carbon
fibers with large internal pore structure for adsorption of
gases and liquids where the activation can be done chemi-
cally with e.g. potassium or sodium hydroxide, zinc chloride
or phosphorous acid, or physically with e.g. steam or carbon
dioxide, or by applying the latter to chemically pre-activated
fibers (Carbon Fiber Application, in the 3"/ ed. of the book
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Carbon Fiber, Eds. Donnet, Wang, Rebouillat and Peng,
Marcel Dekker 1998, p. 463).

In an early attempt to carbonize lignin fibers using lignin
originating from woody material, several types of activated
carbon fibers suitable for adsorbing products were produced
as described in U.S. Pat. No. 3,461,082. Either thiolignin
(kraft lignin), alkali lignin (from soda pulping), or calcium
lignosulfonate from hardwood and softwood were used and
in the examples, fibers produced using wet spinning, dry
spinning and melt spinning, are described. Although dry
spinning appears to be the preferred mode of fiber produc-
tion, in Example 5,a mixture of softwood and hardwood
thiolignin (1:1 by weight) was used in argon atmosphere at
170° C. to make lignin fiber by melt spinning. After pre-
treatment in air at 150° C. for 10 hours, the fibers were
further heated to 900° C. and activated at that temperature
during 1 hour by introduction of air. In further examples,
other activating agents such as zinc chloride, sodium
hydroxide, or potassium hydroxide were tried. However,
only short-length fibers could be produced.

To date, all attempts to produce continuous carbon fibers
from 100% unfractionated or fractionated softwood lignin
have failed. Only discontinuous lignin fiber production has
been possible, by the use of low molecular mass fraction
lignin, obtained from fractionation of such lignin in organic
solvent.

Fibers from extensively purified hardwood kraft lignin, on
the other hand, have been made by extrusion of the lignin
after admixing with softening agents such as poly-ethylene-
terephtalate (PET) or poly-ethyleneoxide (PEO). The result-
ing lignin fiber has been further converted into carbon fiber
through stabilization in air and carbonization.

Since softwood pulping is predominant in the northern
hemisphere, there is a need for a method making use of this
source of raw material by producing lignin fibers from
softwood alkali lignin, for further use as precursor for
carbon fiber manufacture.

Moreover, there exists a need for a method of manufac-
turing lignin fibers, for subsequent use as carbon fiber
precursor, from hardwood alkali lignin, without the need for
expensive softening agents and elaborate processes for puri-
fication of the hardwood alkali lignin.

DESCRIPTION OF THE INVENTION

According to a first aspect of the invention, there is
provided a method of producing a continuous lignin fiber
comprising the following steps:

a) providing fractionated and isolated hardwood alkali
lignin or fractionated and isolated softwood alkali
lignin;

b) optionally addition of unfractionated softwood alkali
lignin and/or unfractionated hardwood alkali lignin
(herein below also collectively referred to as “unfrac-
tionated lignin”, or simply “lignin”), to the fractionated
hardwood alkali lignin; or

¢) optionally addition of unfractionated hardwood alkali
lignin to the fractionated softwood alkali lignin;

d) extrusion of the material formed, whereby a continuous
lignin fiber is obtained.

The amount of fractionated and isolated hardwood alkali
lignin is in one embodiment 100% of the material to be
extruded. In another embodiment, the amount of fraction-
ated and isolated softwood alkali lignin is 100% of the
material to be extruded.

In accordance with the present invention, unfractionated
softwood alkali lignin and/or unfractionated hardwood
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alkali lignin may be mixed with the fractionated and isolated
hardwood alkali lignin. The latter has advantageously been
fractionated according to the principle of ultra filtration as
described herein. The fractionated hardwood alkali lignin
provided may be obtained by fractionation of e.g. hardwood
black liquor.

The fractionated and isolated hardwood alkali lignin in
one embodiment amounts to 1.5-100% by weight of the
material to be extruded. In one embodiment, fractionated
and isolated hardwood alkali lignin amounts to from 2, 2.5,
3,3.5, 4 up to 100% by weight of the material to be extruded.
Alternatively, the fractionated and isolated hardwood alkali
lignin may amount to 5-100, or 5-95% by weight, of the
material to be extruded. In yet an embodiment, the range of
addition of fractionated and isolated hardwood alkali lignin
is 25-75% by weight of the material to be extruded.

A material constituting fractionated and isolated hard-
wood alkali lignin, unfractionated softwood alkali lignin
and/or unfractionated hardwood alkali lignin, and wherein
less than 1.5% of the material constitutes fractionated hard-
wood alkali lignin will behave as e.g. 100% unfractionated
softwood alkali lignin (or 100% unfractionated hardwood
alkali lignin) and no continuous fibers can be obtained.

In accordance with the invention, fractionated and iso-
lated softwood alkali lignin may be mixed with unfraction-
ated hardwood alkali lignin. The fractionated and isolated
softwood alkali lignin has advantageously been fractionated
according to the principle of ultra filtration as described
herein. The fractionated softwood alkali lignin provided
may be obtained by fractionation of e.g. softwood black
liquor.

The fractionated and isolated softwood alkali lignin in one
embodiment amounts to 50-100% by weight of the material
to be extruded. Alternatively, the fractionated and isolated
softwood alkali lignin amounts to 60-90% by weight of the
material to be extruded. In yet an alternative, the fraction-
ated and isolated softwood alkali lignin amounts to 75-85%
by weight of the material to be extruded.

A material constituting fractionated and isolated softwood
alkali lignin, unfractionated hardwood alkali lignin and
wherein less than 50% of the material constitutes fraction-
ated and isolated softwood alkali lignin will behave as e.g.
100% unfractionated softwood alkali lignin (or 100%
unfractionated hardwood alkali lignin) and no continuous
fibers can be obtained.

There are various means of fractionating lignin to obtain
fractionated alkali lignin. In one embodiment, ultra filtration
is made use of. In another embodiment of the invention,
extraction in organic solvent(s) is not made use of to obtain
the fractionated alkali lignin.

Fractionation is preferably carried out using ultra filtration
of black liquor, inert at the conditions present, i.e. high
alkalinity at high temperatures, with a filter that permits a
lignin-rich permeate while high molecular weight lignin
particles, high molecular weight lignin-carbohydrate com-
plexes, and non-lignin residues are left in the retentate. Ultra
filtration was in accordance with the invention performed
using a ceramic membrane. One ceramic membrane used
had a cut-off value of 15 kDa (Orelis, France). The tem-
perature during ultra filtration may be a temperature in the
interval of from 80° C. to 150° C., e.g. 90, 100, 110, 120,
130, 140° C., or any interval therein between. Further
permeate treatment involves acidification, filtration of the
precipitated alkali lignin, re-dispersion of the lignin in
aqueous acidic solution, washing with water, and drying (a
preferred mode is described in EP 1794363). Thereby,
fractionated alkali lignin is obtained.
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Softwood alkali lignin may be isolated from fractionated
softwood black liquor by means of precipitation and involv-
ing the following steps; addition of acid to black liquor until
lignin precipitation occurs, filtration and re-dispersing the
lignin cake in aqueous mineral acid, filtration, washing with
water, and drying. In a preferred mode of lignin isolation the
procedure described in EP 1794363 is applied. The resulting
dried lignin has a purity that is sufficient for its further
processing into lignin fiber. Thus, the content of non-lignin
residues such as ash is below 1% and carbohydrates below
4%. Softwood alkali lignin alone cannot be converted into
solid homogeneous lignin fiber, since, the material cannot
soften enough to be extruded into continuous fibers.

Analogously to the method described above, hardwood
alkali lignin can be isolated from fractionated hardwood
black liquor. Direct mixing of this lignin in any proportion
with softwood alkali lignin was shown not to provide
continuous spinnability through melt extrusion for the for-
mation of solid fibers required for structural carbon fiber
applications.

The fractionated hardwood alkali lignin is isolated pref-
erably as described below. Isolation is initiated by acidifi-
cation of the fractionated hardwood alkali lignin permeate to
a pH in the interval of from 2 to 11, e.g. a pH of approxi-
mately 9. Acidification may be obtained by the use of carbon
dioxide, whereby acidification may be to a pH in the interval
of from 5.5 to 11, e.g. from pH 8 to 11. Alternatively, for
obtaining low pH values, acidification can be done using any
other acid such as sulfuric acid. The precipitated lignin
permeate is separated. The separation may be done by
filtering. Thereafter, the lignin cake obtained may be sus-
pended in a solvent, e.g. water. The solvent may be acidified
to a pH in the interval of from 1 to 6, e.g. a pH of
approximately 2. Acidification may be carried out by using
any acid such as sulfuric acid. Isolation of fractionated
softwood alkali lignin, hardwood alkali lignin and softwood
alkali lignin may be performed mutatis mutandis.

A narrow single glass transition with a single glass
transition temperature demonstrates that a homogeneous
lignin material suitable for extrusion has been obtained. The
lignin material is in one embodiment melt extruded at a
temperature exceeding the glass transition temperature of
the lignin material by 20-85° C., for the formation of a
continuous lignin fiber. In one embodiment, said tempera-
ture interval is 25-50° C. In another embodiment, melt
extrusion is performed at a temperature in the range of
110-250° C., for the formation of a continuous lignin fiber.

The chosen temperature interval for extrusion is depen-
dent on the proportions between unfractionated softwood
and/or unfractionated hardwood alkali lignin on one hand
and fractionated hardwood alkali lignin on the other.

FIG. 1 shows the relationship between proportions of
unfractionated softwood alkali lignin on the one hand and
fractionated hardwood alkali lignin on the other. The extru-
sion temperature should be chosen between T, (glass tran-
sition temperature) and T, (decomposition temperature). For
the lowest possible portion of fractionated hardwood alkali
lignin (1.5%), an extrusion temperature of 175-215° C. may
advantageously be chosen while for 100% fractionated
hardwood alkali lignin the preferred extrusion temperature is
in the range of 135-210° C. For other proportions between
unfractionated and fractionated lignins, intermediate tem-
peratures according to the FIGURE may be chosen.

All lignin ratios in accordance with the invention, con-
taining at least 1.5% fractionated hardwood alkali lignin,
resulted in continuous lignin fibers that were found to be
solid and homogeneous without cracks and pores as revealed
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by analysis with scanning electron microscopy (SEM).
Lignin fibers from 100% fractionated softwood alkali lignin
were also found to be solid and homogeneous without cracks
and pores as revealed by analysis with scanning electron
microscopy (SEM).

Fiber diameters were in the range of 25-125 um. Accord-
ing to the invention, there is provided a method of producing
structural carbon fiber, wherein the lignin fiber produced
according to the first aspect undergoes the following sub-
sequent process steps:

a) Stabilization of the lignin fiber

b) Carbonization of the stabilized lignin fiber

In one embodiment, the lignin fiber produced is stabilized
by air or oxygen. Subsequently, carbonization may proceed
in inert, e.g. nitrogen, atmosphere. The structural carbon
fiber produced was shown by SEM analysis to be completely
solid and homogeneous (i.e. structural by definition).

The invention shall now be further described, with refer-
ence to the accompanied FIGURE and Examples. The
person skilled in the art realizes that various changes of
embodiments and examples can be made, without departing
from the spirit and scope of the invention.

Definitions used:

T, =Glass transition temperature, defined as the inflection
point value.

T ~Decomposition temperature, defined as the temperature
at which 95% of the material remains.

SHORT DESCRIPTION OF THE FIGURE

FIG. 1 shows the relationship between amount of added
fractionated hardwood alkali lignin and glass transition
temperature (T,, (open circles) of a mixture between soft-
wood alkali lignin and fractionated hardwood alkali lignin,
as well as for neat fractionated hardwood alkali lignin. In the
FIGURE, the preferred temperature range for melt extrusion
at various mixture ratios is also shown (i.e. 25 and 50° C.
above T, respectively).

EXAMPLES

In the following, examples on the preparation of kraft
lignins from unfractionated black liquors (Example 1-2) and
from fractionated black liquors (Example 3-4), respectively,
are given.

Furthermore, examples are given on how to use or com-
bine the kraft lignin materials obtained to produce continu-
ous lignin fibers (Examples 5-24 and 26-28). Procedures for
oxidatively stabilizing the lignin fibers are described (Ex-
amples 30-37), and carbonization procedures for stabilized
kraft lignin fibers derived from softwood kraft lignin (Ex-
amples 25) and hardwood kraft lignin (Example 29).

1. Isolation of Softwood Kraft Lignin

Softwood kraft lignin was isolated from black liquor
obtained through pulping of a mixture of pine and spruce
wood with kraft pulping liquor. The lignin isolation proce-
dure was done following the steps described in EP 1794363.
The following characteristics were obtained: Ash 0.9%,
carbohydrates 2%, glass transition temperature (T,) 140° C,,
decomposition temperature (T ) 273° C.

2. Isolation of Hardwood Kraft Lignin

Hardwood kraft lignin was isolated from black liquor
obtained through pulping of a mixture of birch and aspen
wood with kraft pulping liquor. The lignin isolation proce-
dure was done following the steps described in EP 1794363.
The following characteristics were obtained: Ash 0.8%,
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carbohydrates 4%, glass transition temperature (T,) 139° C.,
decomposition temperature (T ;) 274° C.
3. Isolation of Fractionated Hardwood Kraft Lignin

Black liquor, obtained from kraft pulping of a mixture of
birch and aspen wood, was subjected to ultra filtration using
ceramic membrane (15 kDa) at a temperature of 120° C. The
collected permeate was acidified by gaseous carbon dioxide
at 60° C. to pH ~9. After filtration, the lignin cake was
suspended in water and acidified to pH ~2 with sulfuric acid.
Filtration of the lignin followed by washing with water and
drying afforded purified hardwood kraft lignin with the
following characteristics: ash 0.9%, carbohydrates 0.4%,
glass transition temperature (T,) 114° C., decomposition
temperature (T,) 274° C.

4. Isolation of Fractionated Softwood Kraft Lignin

Black liquor, obtained from kraft pulping of a mixture of
pine and spruce wood, was subjected to ultra filtration using
ceramic membrane (15 kDa) at a temperature of 120° C. The
collected permeate was acidified by gaseous carbon dioxide
at 70° C. to pH ~9. After filtration, the lignin cake was
suspended in water and acidified to pH ~2 with sulfuric acid.
Filtration of the lignin followed by washing with water and
drying afforded purified softwood kraft lignin with the
following characteristics: ash 0.9%, carbohydrates 0.4%,
glass transition temperature (T,) 140° C., decomposition
temperature (T,) 280° C.

5. Preparation of Softwood Lignin Fiber Containing 3%
Fractionated Hardwood Lignin at 200° C.

Dry kraft lignin from Example 1 and Example 3 were
mixed in the proportions 97:3 by weight (7 grams in total)
and introduced in a laboratory extruder kept at 200° C. The
two lignins were mixed at that temperature in the extruder by
rotating the two screws at a speed of ~25 rpm for at least 10
minutes before extrusion of the lignin fiber through a die of
0.5 mm in diameter. The resulting continuous lignin fiber
was collected on a bobbin using a winding speed of 30
m/min.

6. Preparation of Softwood Lignin Fiber Containing 5%
Fractionated Hardwood Lignin at 200° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 95:5 (by weight)
and introduced in a laboratory extruder kept at 200° C.
Lignin fibers were produced as described in Example 5.

7. Preparation of Softwood Lignin Fiber Containing 5%
Fractionated Hardwood Lignin at 175° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 95:5 (by weight)
and introduced in a laboratory extruder kept at 175° C.
Lignin fibers were produced as described in Example 5.

8. Preparation of Softwood Lignin Fiber Containing 5%
Fractionated Hardwood Lignin at 215° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 95:5 (by weight)
and introduced in a laboratory extruder kept at 215° C.
Lignin fibers were produced as described in Example 5.

9. Preparation of Softwood Lignin Fiber Containing 10%
Fractionated Hardwood Lignin at 200° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 9:1 (by weight)
and introduced in a laboratory extruder kept at 200° C.
Lignin fibers were produced as described in Example 5.
10. Preparation of Softwood Lignin Fiber Containing 25%
fractionated hardwood lignin at 200° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 75:25 (by weight)
and introduced in a laboratory extruder kept at 200° C.
Lignin fibers were produced as described in Example 5.
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11. Preparation of Softwood Lignin Fiber Containing 25%
Fractionated Hardwood Lignin at 164° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 75:25 (by weight)
and introduced in a laboratory extruder kept at 164° C.
Lignin fibers were produced as described in Example 5.
12. Preparation of Softwood Lignin Fiber Containing 25%
Fractionated Hardwood Lignin at 189° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 75:25 (by weight)
and introduced in a laboratory extruder kept at 189° C.
Lignin fibers were produced as described in Example 5.
13. Preparation of Softwood Lignin Fiber Containing 50%
Fractionated Hardwood Lignin at 200° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 50:50 (by weight)
and introduced in a laboratory extruder kept at 200° C.
Lignin fibers were produced as described in Example 5.
14. Preparation of Softwood Lignin Fiber Containing 50%
Fractionated Hardwood Lignin at 178° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 50:50 (by weight)
and introduced in a laboratory extruder kept at 178° C.
Lignin fibers were produced as described in Example 5.
15. Preparation of Softwood Lignin Fiber Containing 75%
Fractionated Hardwood Lignin at 200° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 25:75 (by weight)
and introduced in a laboratory extruder kept at 200° C.
Lignin fibers were produced as described in Example 5.
16. Preparation of Softwood Lignin Fiber Containing 75%
Fractionated Hardwood Lignin at 172° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 25:75 (by weight)
and introduced in a laboratory extruder kept at 172° C.
Lignin fibers were produced as described in Example 5.
17. Preparation of Softwood Lignin Fiber Containing 90%
Fractionated Hardwood Lignin at 200° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 10:90 (by weight)
and introduced in a laboratory extruder kept at 200° C.
Lignin fibers were produced as described in Example 5.
18. Preparation of Softwood Lignin Fiber Containing 95%
Fractionated Hardwood Lignin at 200° C.

A total of 7 grams of dry kraft lignin from Example 1 and
Example 3 were mixed in the proportions 5:95 (by weight)
and introduced in a laboratory extruder kept at 200° C.
Lignin fibers were produced as described in Example 5.
19. Preparation of Lignin Fiber from Fractionated Hard-
wood Lignin at 140° C.

Dry fractionated hardwood kraft lignin (7 grams) was
prepared as described in Example 3 and introduced in a
laboratory extruder kept at 140° C. Lignin fibers were
produced as described in Example 5.

20. Preparation of Lignin Fiber from Fractionated Hard-
wood Lignin at 165° C.

Dry fractionated hardwood kraft lignin (7 grams) was
prepared as described in Example 3 and introduced in a
laboratory extruder kept at 165° C. Lignin fibers were
produced as described in Example 5.

21. Preparation of Lignin Fiber from Fractionated Hard-
wood Lignin at 200° C.

Dry fractionated hardwood kraft lignin (7 grams) was
prepared as described in Example 3 and introduced in a
laboratory extruder kept at 200° C. Lignin fibers were
produced as described in Example 5.
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22. Preparation of Lignin Fiber from Fractionated Hard-
wood Lignin at 210° C.

Dry fractionated hardwood kraft lignin (7 grams) was
prepared as described in Example 3 and introduced into a
laboratory extruder kept at 210° C. Lignin fibers were
produced as described in Example 5.

23. Preparation of Lignin Fiber from Fractionated Softwood
Lignin at 200° C.

Dry fractionated softwood kraft lignin (7 grams) was
prepared as described in Example 4 and introduced in a
laboratory extruder kept at 200° C. Lignin fibers were
produced as described in Example 5.

24. Preparation of Lignin Fiber from Fractionated Softwood
Lignin Containing 25% Hardwood Lignin at 190° C.

A total of 7 grams of dry kraft lignin from Example 4 and
Example 2 were mixed in the proportions 75:25 (by weight)
and introduced in a laboratory extruder kept at 190° C.
Lignin fibers were produced as described in Example 5.
25. Preparation of Solid and Homogeneous Carbon Fiber
Based on Softwood Lignin Fiber and Fractionated Hard-
wood Lignin.

Lignin fibers from Example 9 were thermally stabilized in
air at 250° C. during 60 min using a temperature increase of
0.2° C./min from room temperature. Subsequent heating of
the fibers with 1° C./min up to 600° C. then 3° C./min to a
final temperature of 1000° C. afforded solid carbon fibers.
26. Preparation of Hardwood Lignin Fiber Containing 5%
Fractionated Hardwood Lignin at 170° C.

A total of 7 grams of dry kraft lignin from Example 2 and
Example 3 were mixed in the proportions 95:5 (by weight)
and introduced in a laboratory extruder kept at 170° C.
Lignin fibers were produced as described in Example 5,
using a winding speed of the bobbin of 30 m/minute.

27. Preparation of Hardwood Lignin Fiber Containing 20%
Fractionated Hardwood Lignin at 200° C.

A total of 7 grams of dry kraft lignin from Example 2 and
Example 3 were mixed in the proportions 80:20 (by weight)
and introduced in a laboratory extruder kept at 200° C.
Lignin fibers were produced as described in Example 5,
using a winding speed of the bobbin of 74 m/minute.

28. Preparation of Hardwood Lignin Fiber Containing 40%
Fractionated Hardwood Lignin at 200° C.

A total of 7 grams of dry kraft lignin from Example 2 and
Example 3 were mixed in the proportions 60:40 (by weight)
and introduced in a laboratory extruder kept at 200° C.
Lignin fibers were produced as described in Example 5,
using a winding speed of the bobbin of 74 m/minute.

29. Preparation of Solid and Homogeneous Carbon Fiber
Based on Hardwood Lignin Fiber

Lignin fibers from Example 28 were thermally stabilized
in air at 250° C. during 60 min using a temperature increase
of 0.2° C./min from room temperature. Subsequent heating
of the fibers with 1° C./min up to 600° C. then 3° C./min to
a final temperature of 1000° C. afforded solid carbon fibers.
30. Stabilization of Softwood Kraft Lignin Fibers

Softwood kraft lignin fibers from Example 23 were sta-
bilized in air in a temperature controlled oven using a
heating rate of 15° C./min from ambient to 250° C., where
it was isothermally treated for 30 min.

31. Stabilization of Single Softwood Kraft Lignin Fibers at
250° C.

Single softwood kraft lignin fibers from Example 23 were
stabilized according to Example 30 using a heating rate of
70° C./min from ambient to 250° C., where it was isother-
mally treated for 10 min at that temperature.
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32. Stabilization of Single Softwood Kraft Lignin Fibers at
220° C.

Single softwood kraft lignin fibers from Example 23 were
stabilized according to Example 30 using a heating rate of
40° C./min from ambient to 220° C., where it was isother-
mally treated for 10 min at that temperature.

33. Stabilization of Single Softwood Kraft Lignin Fibers at
200° C.

Single softwood kraft lignin fibers from Example 23 were
stabilized according to Example 30 using a heating rate of
70° C./min from ambient to 200° C., where it was isother-
mally treated for 30 min.

34. Stabilization of Softwood Kraft Lignin Fiber Containing
10% Fractionated Hardwood Lignin

Kraft lignin fibers from Example 9 were stabilized
according to Example 30 using a heating rate of 3° C./min
from ambient to 250° C., where it was isothermally treated
for 30 min.

35. Stabilization of Single Softwood Kraft Lignin Fiber
Containing 10% Fractionated Hardwood Lignin

Single kraft lignin fibers from Example 9 were stabilized
according to Example 30 using a heating rate of 70° C./min
to 250° C., where it was isothermally treated for 10 min.
36. Stabilization of Single Softwood Kraft Lignin Fiber
Containing 10% Fractionated Hardwood Lignin

Single kraft lignin fibers from Example 9 were stabilized
according to Example 30 using a heating rate of 70° C./min
from ambient to 200° C., where it was isothermally treated
for 30 min.

37. Stabilization of Single Softwood Kraft Lignin Fiber
Containing 5% Fractionated Hardwood Lignin

Softwood kraft lignin fibers from Example 6 were stabi-
lized according to Example 30 using a heating rate of 10°
C./min from ambient to 250° C., where it was isothermally
treated for 60 min.

The invention claimed is:

1. Method of producing a continuous lignin fiber com-
prising the following steps,

a) providing fractionated and isolated hardwood alkali
lignin or fractionated and isolated softwood alkali
lignin;

b) adding unfractionated softwood alkali lignin and/or
unfractionated hardwood alkali lignin to the fraction-
ated hardwood alkali lignin, or

¢) adding unfractionated hardwood alkali lignin to the
fractionated softwood alkali lignin; and

d) extruding the lignin material.
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2. Method of producing a structural carbon fiber, wherein
a lignin fiber according to claim 1 undergoes the following
subsequent process steps:

e) stabilizing the lignin fiber;

f) carbonizing the stabilized lignin fiber.

3. Method according to claim 1, wherein the fractionated
and isolated hardwood alkali lignin in a) amounts to 1.5-
100% by weight of the total weight.

4. Method according to claim 3, wherein the fractionated
and isolated hardwood alkali lignin amounts to 3-100% by
weight of the total weight.

5. Method according to claim 4, wherein the fractionated
and isolated hardwood alkali lignin amounts to 5-95% by
weight of the total weight.

6. Method according to claim 5, wherein the fractionated
and isolated hardwood alkali lignin amounts to 25-75% by
weight of the total weight.

7. Method according to claim 1, wherein the fractionated
and isolated softwood alkali lignin in a) amounts to
50-100% by weight of the total weight.

8. Method according to claim 7, wherein the fractionated
and isolated softwood alkali lignin amounts to 60-90% by
weight of the total weight.

9. Method according to claim 8, wherein the fractionated
and isolated softwood alkali lignin amounts to 75-85% by
weight of the total weight.

10. Method according to claim 1, wherein the extrusion in
d) is melt extrusion and is performed at a temperature
exceeding the glass transition temperature of the lignin
material by 20-85° C.

11. Method according to claim 10, wherein said tempera-
ture interval is melt extrusion is performed at a temperature
exceeding the glass transition temperature of the lignin
material by 25-50° C.

12. Method, according to claim 1, wherein the extruding
extrusion in d) is by melt extrusion and is performed at a
temperature in the range of 110-250° C.

13. Method according to claim 2, wherein in ¢) the lignin
fiber is stabilized by air or oxygen.

14. Method of producing a continuous lignin fiber accord-
ing to claim 1, wherein the lignin fiber is subsequently
stabilized.

15. Method of producing a structural carbon fiber accord-
ing to claim 14, wherein the stabilized lignin fiber is
carbonized.



